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Abstract 
The metal-based noble gas compounds exhibit interesting behavior of electronic 
valence states under pressure. For example, Xe upon compression can gain electrons 
from the alkali metal, or lose electrons unexpectedly to Fe and Ni, toward formation 
of stable metal compounds. In addition, the Na2He is not even stabilized by the local 
chemical bonds but via the long-range Coulomb interactions. Herein, by using the 
first-principles calculations and the unbiased structure searching techniques, we 
uncover that the transition metal Y is able to react with Xe above 60 GPa within 
various Y-Xe stochiometries, namely the YXe, YXe2, YXe3 and Y3Xe structures. 
Surprisingly, it is found that all the resulting compounds are intermetallic and Xe 
atoms are positively charged. We also argue that the pressure-induced changes of the 
energy orbital filling are responsible for the electron transfer from Xe to Y. 
Meanwhile, the Peierls-like mechanism is found to stabilize the energetically most 
favorable YXe-Pbam phase. Furthermore, the predicted YXe-Pbam, YXe-Pnnm, and 
YXe3-I4/mcm phases are discovered to be a phonon-mediated superconductors under 
pressure, with the critical superconducting temperatures in the range of approximately 
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3-4K, 7-10K, and 5-6K, respectively. In summary, our work promotes further 
understanding of the crystal structures and electronic properties of the metal-based 
noble gas compounds.  
 
1. Introduction 
The noble gas (NG) elements (e.g. He, Ne, Ar, Kr and Xe) are historically known 
as inert elements due to their low level of reactivity arising from the completely filled 
outermost electron shells (the closed subshell configuration). However, since the first 
experimentally proved synthesis of the metal-based NG compound by Bartlett
1
, many 
other NG compounds were found to exist 
2-6
. Specifically, most of the early NG 
compounds were synthesized by oxidizing the nobel gas elements with the highly 
electronegative elements such as fluorine
7-8
 and oxygen
9-12
. Yet later, it was also 
found that the high-pressure compression constitutes another suitable and promising 
route for the synthesis of NG compounds. For example, the compression of noble 
gases and some molecular species leads to the formation of multiple van der Waals 
solids at relatively low pressure, such as: HeN4
13
, He-H2O
14
, Ar(H2)2
15
, ArO2, 
Ar(O2)
16
, Kr(H2)4
17
, Xe(H2)8
18
, Xe-N2
19
, Xe-CH4
20
, Xe-H2O
21
 and Xe(O2)2
16
. 
Moreover, pressure can also enhance the oxidation of some elements and results in the 
formation of noble gas compounds such as Xe-oxides
22
, and Xe-suboxides
23
, as well 
as promote the formation of covalent bonds as in the Xe2F compounds
24
. Another 
striking pressure effect in the NG and metal compounds is the unexpected behavior of 
electronic valence states. For example, Xe can gain electrons from some metals (the 
alkali and the alkaline earth metals) and form stable metal-compounds such as the Li-
Xe, Cs-Xe and Mg-Xe
25-27
. On the contrary, Xe is also found to be a reducer, being 
oxidized by Fe and Ni under the pressure of Earth’s core28-29, which is believed to be 
the answer to the missing Xe on Earth. Furthermore, very recently the mixtures of 
sodium (as well as its oxide) with helium were reported to be stable under pressure
30-
31
. Therein, helium shows new chemistry under pressure, and does not lose electrons 
nor form any chemical bonds in the Na2He and Na2OHe compounds, suggesting the 
long-range Coulomb interactions to be responsible for the formation of these 
compounds
31
. In this regard, the electronic valence state of metal in the pressure-
induced metal-based NG compounds exhibits some degree of uncertainty, providing a 
very broad scenario which still awaits further investigation.  
In this context, the compressed compounds of NGs and transition metals appear as 
a particularly interesting systems. Of special attention to us are the Xe-Fe(Ni)
28-29
 
compounds, where Fe(Ni) does not behave as a usual metal under pressure and 
surprisingly plays a role of an oxidant (in contrast to Li, Cs and Mg). Nonetheless, we 
note that the transition metal family has a relatively large number of members with 
similar properties to Fe(Ni). Therefore, two natural questions concerning the metal-
based NG compounds arise. First, can all the other transition metals form stable NG 
compounds under pressure just like Fe(Ni)? Second, does such transition metals gain 
or lost electrons when reacting with NG under pressure? To at least partially address 
above questions, herein we explore the potential Y-Xe compounds under pressure. In 
relation to the Fe-family elements, the position of Y in the periodic table of elements 
is distant. Moreover, at ambient conditions, the electronegativity of Y in the Pauling 
scale is 1.22, which is similar with that of Mg (1.31), but significantly lower than in 
the case of Fe/Ni (1.83/1.91). On the other hand, Xe is of particular attention due to its 
rich chemistry when combined with the iron-family elements and its role of a well-
established NG host for other metals, as described above. Hence the proposed 
investigations on the Y-Xe compounds appear as a representative example which may 
have potential for exploring novel chemistry of the metal-based NG compounds under 
pressure. 
In the present work, motivated by the above reasoning, we extensively explore the 
high-pressure phase diagram of Y-Xe systems up to 200 GPa by using the CALYPSO 
structural searching method
32-34
. Such method for crystal structure prediction is 
chosen due to its well-proven accuracy for various systems
35-39
. In its framework we 
attempt to uncover that when mixing Xe with Y under high pressure, the 
thermodynamically stable compounds with various stoichiometries can be formed. 
Next, the predicted structures are comprehensively analyzed with respect to their 
structural and electronic properties, toward further examination of the potential non-
conventional behavior. 
2. Computational Methods  
In the present paper, the structure search for the Y-Xe systems is performed by 
using the particle-swarm optimization method, as implemented in the CALYPSO 
code
32-34
. The computations are carried out from one up to four formula units per 
simulation cell at 50, 100, 150, and 200 GPa, respectively. All the structural 
relaxations and the electronic calculations are conducted in the framework of density 
functional theory within the projector augmented wave (PAW) method
40
, by using the 
Vienna ab initio simulation package (VASP).
41-42
 Herein, the Y 4d
8
5s
2
5p
1
 electrons 
and the Xe 4d
10
5s
2
5p
6
 electrons are treated as valence. The exchange and correlation 
interactions are considered within the GGA
43
 approach by adopting the Perdew-
Burke-Ernzerhof functional
44
. To ensure that the total energy calculations are well 
converged, a cutoff energy of 700 eV and the Monkhorst-Pack
45 
(MP) k-point mesh 
with a reciprocal space resolution of 2π×0.025 Å−1 is assumed. The convergence for 
the energy and force is chosen as 10
−6  
eV and 10
−3  
eV/ Å, respectively. 
Furthermore, the phonon dispersions and the electron-phonon coupling (EPC) 
calculations are performed in the framework of the linear response theory by 
employing the QUANTUM-ESPRESSO package
46.
 The ultrasoft pseudopotentials
47
 
of Xe and Y are used with a kinetic energy cutoff of 60 Ry. A 3×5×8, 4×2×6, 4×4×4, 
4×4×4, and 6×6×3 q-point mesh in the first Brillouin zone (BZ) is used within the 
EPC calculations for the Pbam-YXe, Pnnm-YXe3, I4/mcm YXe3, I4/mmm YXe2, and 
P4/mmm YXe3 stoichiometries, respectively. Accordingly for the listed phases, a MP 
grid of 6×10×16, 8×4×12, 8×8×8, 8×8×8, and 12×12×6 is assumed to ensure the k-
point sampling convergence. 
3. Results and discussion 
To investigate the phase stability of the Y-Xe systems under pressure, we 
calculate the convex hull at the selected pressures on the basis of the Y-Xe formation 
enthalpies, as shown in Fig.1a. The formation enthalpies are estimated as a difference 
between the enthalpy of the predicted Y-Xe structures with elemental Y and Xe. The 
known hcp Xe
48
, as well as the dfcc and Fddd Y
49-50
 are chosen as the reference 
structures in their corresponding stable pressure ranges, respectively. In this context, 
the compounds on the convex hull are thermodynamically stable, while those above it 
are metastable. As shown in Fig.1a, the convex curve reveals that all stoichiometries 
are not stable against elemental dissociation below 50 GPa. However, at about 60 GPa, 
we find that YXe and Y3Xe stoichiometries become energetically stable. As pressure 
is increased, also the YXe2 and YXe3 are predicted to be stable against the 
decomposition at 100GPa and 150 GPa, respectively. We notice that among all found 
Y-Xe stoichiometries, YXe is the most thermodynamically stable phase, in the 
pressure range from 75 GPa to 200 GPa. For convenience, Fig.1b shows the pressure-
phase diagram of all predicted YXe compounds, while their graphical representations 
are shown in Fig. 2. Moreover, the structural parameters of predicted compounds are 
listed in Table 1. In particular, the YXe up to 200 GPa is a triclinic structure with 
space group Pbam. On the other hand, the Y3Xe adopts an orthorhombic structure 
with space group Pnnm at 75 GPa, while it transforms to a tetragonal structure with 
space group I4/mcm at about 80 GPa. In what follows, the predicted YXe2 adopts an 
I4/mmm space group and no further phase transition is found in the considered 
pressure range. To this end, for the YXe3, the phase transition from P3m1 to P4/mmm 
occurs at about 78 GPa. As shown in the convex hull curves, although YXe3 becomes 
a stable phase against elemental dissociation only above 150 GPa, the low-pressure 
P-3m1 phase may exists as a metastable phase.  
Next, the electronic band structures, and the partial density of states (DOS) of the 
predicted Y-Xe compounds are investigated at selected pressure values, and the 
corresponding results are depicted in Fig.3. The analysis reveals that all Y-Xe 
compounds exhibit metallic character due to several bands crossing the Fermi level. 
From the partial DOS we can see that for all stable Y-Xe compounds the conducting 
states mainly derive from the Y-5d states in the vicinity of the Fermi level. However, 
the Y-s states also give moderate contribution around the Fermi level, especially for 
the Y3Xe-Pnnm, Y3Xe-I4/mcm and YXe2-I4/mmm structures. It is not a big surprise 
since the s-d transformation of the Y solid metal under pressure has been reported in 
the previous studies
51,43
. Moreover, we notice that the Xe-5p orbitals contribute 
mostly to Xe states around the Fermi level for the YXe2-I4/mmm structure, while for 
the other predicted structures the Xe-5d orbitals show the most significant 
contribution, especially for the YXe-Pbam and YXe3- P4/mmm stochimetries.  
As mentioned above, the metal-based Xe compounds exhibit unusually 
electronic valence states under pressure. To investigate the electron transfer and 
chemical bonding of Y-Xe compounds, we calculate the three dimensional charge 
difference density (CDC) maps of them, as shown in Fig.4. Although all the predicted 
structures are metallic, the covalent bonding can be found between Y atoms. It is also 
observed that Y atom gain electrons from Xe atom, and plays the role of an oxidant 
just like the Iron family metals. In fact, at ambient conditions, the electronegativity of 
Y is 1.22, according to the Pauling scale, which is lower than that of Xe (2.67). 
Therefore an electron transfer from Y to Xe atoms should be expected. However, in 
the predicted Y-Xe compounds, Xe is unusually positively charged and behaves as a 
reluctant rather than an oxidant. According to the previous work
52-53
, pressure can 
dramatically affect the filling of energy orbitals and finally leads to the changes of 
element’s electronegativity. For example, application of pressure results in the 
different behavior for a given metal. Specifically, Li
26, 54
, Cs 
27
and Mg
25
 act as 
reducers, while Fe and Ni
28-29
 act as oxidants in their corresponding metal-Xe 
compounds. To further reveal the origin of negatively charged Y atoms in the Y-Xe 
compounds, we use a method named “He matrix method”55 toward the orbital 
distribution analysis for the Y and Xe atoms under pressure. Although this method is 
semi-quantitative to some degree, it successfully explains e.g. the reducibility of Li in 
Li-Xe compounds
54
 under pressure. As depicted in Fig.5, we can see that the 5s, 5p 
and 5d orbitals of Xeon atoms are higher in energies than the 5d orbitals of Y atoms 
on the whole, an effect which promotes the electron transfer from the Xe to Y atoms.  
Furthermore, we notice that the Xe atoms of the predicted structures show 
different coordination number. In particular, the coordination numbers of the Xe atom 
in the Pbam, Pnnm, and I4/mmm symmetry are four, eight and twelve, respectively, as 
shown in Fig.4.  For the YXe3-I4/mmm stoichiometry, we notice that four Y atoms 
and two Xe atoms compose a unique octahedron unit, the similar structure is also 
found for the YXe3 P4/mmm phase. In addition to the unique octahedron unit, another 
body-centered like unit, with one Y and one Xe atom, is found for the P4/mmm phase. 
For both described types of unit cell, it can be clearly seen from the CDC of Y-Xe 
compounds that Xe atoms loses electron and transfers it to Y atoms. 
     Further, we investigate the structural characteristics of the energetically most 
favorable YXe Pbam phase, and found that if the Xe and Y atoms are arranged in line 
along the <110> direction, then the Pbam phase changes into the CsCl-like structure. 
In fact, the CsCl is also found to be a stable phase for the sibling Xe-Li and Mg-Xe 
systems  under pressure
25-26
. Thus, it is argued that the Pbam phase can be regarded as 
a distorted CsCl structure. Of course, the distortions in YXe-Pbam will increase the 
Coulomb repulsion energy among the atoms, but if the distortions lead to the changes 
of the crystal electronic structure and the one-electron energy sum is reduced, then the 
distorted structure may become stable. The mentioned above phase transition 
mechanism is known as the Peierls mechanism
 56
. To reveal the origin of distortions in 
the Pbam phase, we calculate the total and partial DOS of YXe in the Pbam and CsCl 
structures, which are shown in Fig.6. Just as expected, the distortions in the Pbam 
phase lead to the decrease of total DOS at the Fermi level. Further investigation of the 
partial DOS reveals that the decrease of total DOS at Fermi level mainly originates 
from the d states of Y and Xe atoms. Both the d states of Y and Xe atoms in the CsCl 
phase form a sharp peak at Fermi level, which is unfavorable energetically and finally 
results in a transition to the Pbam phase. 
We also calculate the phonon curves and the superconducting critical 
temperature (TC) of all the predicted YXe compounds. As shown in Fig.8, the 
phonon curves do not present any imaginary frequency mode, indicating that all the 
predicted compounds are dynamically stable. The TCs of the metallic Xe−Y 
compounds at selected pressure are estimated using the Allen−Dynes modified 
McMillan equation
57 
and the canonical value of μ* equal to 0.158. The corresponding 
results are listed in Table 2. In details, the TCs of Pbam, Pnnm and I4/mcm phases 
under pressure are in the range of approximately 3-4K, 7-10K, 5-6K, respectively. It 
is noted that these values are higher than the TC of 0.04 K for Xe at 215 GPa, but 
lower than the maximum TC of 20 K for solid Y at 115 GPa. On the other hand, for 
the I4/mmm and P4/mcm phases, their TCs are negligible. Moreover, the calculated 
electron-phonon coupling is 0.60 for YXe-Pbam (60 GPa), 1.08 for Y3Xe-Pnnm (75 
GPa) and 0.6 for Y3Xe-I4/mmm (150 GPa), respectively, while the calculated 
average logarithmic frequencies, ωlog, reach 181, 137 and 280 K, respectively. So the 
relatively strong electron-phonon coupling is found in the Y3Xe-Pnnm. In contrary, 
for the Xe-rich compounds, namely the YXe2-I4/mmm and YXe3-P4/mcm phases, 
the electron-phonon coupling constants are estimated to be λ=0.29 (100 GPa), and 
0.20 (150GPa), respectively, and lead to the nearly zero TCs. The Eliashberg spectral 
functions together with the electron-phonon integrals λ(ω) are carried out to further 
investigate the superconducting properties of Y-Xe compounds as shown in Fig.7. 
Taken altogether, the vibrations of Y and Xe atoms are coupled strongly over the 
whole frequency area. From the magnitude of electron-phonon integrals λ, it can be 
observed that for the Y3Xe-Pnnm, the comparatively low-frequency vibrations of Y 
and Xe atom below 3.5 THz contribute about 70% to the total λ. While for the other 
predicted stable Y-Xe compounds, the integral λ increases linearly with frequency, 
indicating that all the vibrational modes have approximately equal contribution to 
the total λ. 
4. Conclusions 
In the present study, the phase stability of Y-Xe binary systems is examined in 
the pressure range from 0 to 200 GPa, by using the particle swarm optimization 
technique combined with the first principle calculations. It is shown that the first 
stable Y-Xe compounds (namely, YXe and Y3Xe) can be formed above 60 GPa. 
However, upon further compression, new stoichiometries of YXe2 and YXe3 are also 
predicted to be energetically stable at 100 GPa and 150 GPa, respectively. In details, 
the unique octahedron unit and the body-centered like units are found in the Xe-rich 
compounds. The four, eight, and twelve coordination numbers of the Xe atom are 
identified in the Y-Xe compounds. The atoms distortions are predicted in the 
energetically most favorable Pbam-YXe phase, whereas the Peierls mechanism is 
found to stabilize the YXe-Pbam phase.  
It is also suggested that all predicted Y-Xe compounds show metallic character. 
Unexpectedly in all cases, Y metal plays the role of an oxidant and the electrons are 
found to be transferred from Xe to Y atoms. We discover that pressure can greatly 
change the energy orbital filling of Y-Xe compounds, which results in the transfer of 
electrons from Xe to metal Y. Furthermore, except for the YXe2-I4/mmm and YXe3-
P4mmm phases, all the other Y-Xe compounds are found to be phonon-mediated 
superconductors under pressure. In particular, the metal-superconductor transition 
temperatures of the Pbam, Pnnm and I4/mcm phases under pressure are in the range 
of approximately 3-4K, 7-10K, and 5-6K, respectively. 
In what follows, it appears that the valence bond theory is facing great challenges 
under pressure, which application can greatly affect the energy orbital filling of solids 
and lead to the formation of new compounds with unusual behavior of the electronic 
valence states. In this context, the current theoretical study may serve as a 
representative example. Specifically, the formation of unique Y-Xe compounds 
indicates that the quantivalence of metal-based noble gas compounds under pressure 
remains uncertain, and suggests that the other metal oxidants, similar to Y, may also 
exist. In this sense, present work provides vital theoretical guidance for exploration 
and further experimental synthesis of the transition metal-based NG compounds. 
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Figure and Table Captions 
Fig.1 (a) Ground-state enthalpies of formation for various Y−Xe compounds, relative 
to the elemental constituents. The dashed lines connect the data points, while the solid 
lines denote the convex hull. (b) The phase diagram of Y–Xe system in the pressure 
range from 50 to 200 GPa. 
Fig.2 Stable phases for various Y-Xe compounds at selected pressures. (a) YXe-
Pbam at 75 GPa (b)Y3Xe-Pnnm at 75 GPa (c) Y3Xe-I4/mcm at 100 GPa (d) YXe2-
I4/mmm at 100 GPa and (e) YXe3-P4/mmm at 150 GPa. Green atoms depict Y, pink 
atoms present Xe. 
Fig.3 Calculated electronic band structures and partial DOS for various Y−Xe 
compounds. (a) YXe-Pbam at 75 GPa, (b)Y3Xe-Pnnm at 75 GPa, (c) Y3Xe-I4/mcm at 
100 GPa (d) YXe2-I4/mmm at 100 GPa and (e) YXe3-P4/mmm at 150 GPa. 
Fig.4 Calculated charge difference density map of various Y-Xe compounds (a) YXe-
Pbam at 75 GPa, (b)Y3Xe-Pnnm at 75 GPa, (c) Y3Xe- I4/mcm at 100 GPa (d) YXe2-
I4/mmm at 100 GPa and (e) YXe3-P4/mmm at 150 GPa. Green atoms depict Y, pink 
atoms present Xe. Cyan and yellow colors represent losing and gaining electrons, 
respectively. The typical structure units of various Y-Xe compounds are illustrated at  
the left hand side of the corresponding structures. 
Fig.5 Simulated partial DOSs of Xe and Y atoms at 75 GPa using the “He matrix 
method”. The pressure effect is simulated by placing elements in a face-centered-
cubic (FCC) He matrix. An FCC 3×3×3 supercell with 108 atoms was used, in which 
one He is replaced by the tested atoms.  
Fig.6 Crystal structure illustrations of the supercells for YXe in (a) CsCl and (b) 
Pbam structures, respectively. Green atoms depict Y, pink atoms present Xe. (c) The 
total and (d) partial DOS of YXe in CsCl and Pbam structures, respectively. 
Fig.7 The phonon dispersion relations, the phonon density of states, Eliashberg 
spectral function, α2F(ω), and the electron−phonon integral, λ(ω), for various Y-Xe 
compounds at selected pressures.  (a) YXe-Pbam at 60 GPa (b)Y3Xe-Pnnm at 75 GPa 
(c) Y3Xe- I4/mcm at 150 GPa (d) YXe2-I4/mmm at 100 GPa and (e) YXe3-P4/mmm at 
150 GPa.  Circles indicate the phonon line width with a radius proportional to the 
strength. 
Table 1. The calculated lattice parameters (in Angstroms) and atomic positions for 
the newly found Y-Xe compounds at selected pressure. 
Table2. The calculated Tcs for various Y-Xe compounds at selected pressures. 
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Table 1. The calculated lattice parameters (in Angstroms) and atomic positions for 
the newly found Y-Xe compounds at selected pressure. 
 Space 
group 
Pressure 
(GPa) 
lattice 
parameters 
 
Atom 
s
Site Wyckoff  positions 
YXe Pbam 75 a= 9.3242 
b= 4.7151 
c= 3.114 
α=β=γ= 90.0 
Y 4g 0.3856 0.2070 0.0000 
Xe 4h 0.3659 0.7040 0.5000 
     
Y3Xe 
  
Pnnm 75 a=b=5.5028 
c=4.2292 
α=β=γ= 90.0 
Y 4g 0.3395 0.2531 0.0000 
Y 2c 0.0000 0.5000 0.0000 
Xe 2a 0.5000 0.5000 -0.5000 
I4/mcm 100 a=b= 5.463 Y 8h -0.2229 0.7229 0.0000 
c= 8.0713 Y 4b -0.5000 0.0000 -0.2500 
α=β=γ= 90.0 Xe 4a 0.0000 0.0000 0.2500 
YXe2 I4/mmm 100 a=b= 5.463 
c= 8.0713 
α=β=γ= 90.0 
Y 2b 0.0000 0.0000 0.5000 
Xe 4e 0.0000 0.0000 0.8447 
     
YXe3 P4/mmm 150 a=b= 2.9515 
c=7.18048.07 
α=β=γ=90.0 
Y 1b 0.0000 0.0000 0.5000 
Xe 2h 0.5000 0.5000 0.2768 
Xe 1a 0.0000 0.0000 0.0000 
 
 
 
Table2. The calculated TCs for various Y-Xe compounds at selected pressures. 
              pressure  
phase 
60 GPa 65 GPa 75 GPa 100 GPa 150 GPa 200 GPa 
Pbam-YXe 4.4 K - - 3.6 K 3.9 K 3.6 K 
Pnnm-Y3Xe - 7.0 K 10.8 K - - - 
I4/mcm-Y3Xe - - - 5.7 K 6.5 K 0.4 K 
I4/mmm-YXe2 - - - 0.3 K - 0.03K 
P4mmm-YXe3 - - - - 0.0 K 0.0 K 
 
 
 
 
 
References 
(1).Bartlett, N., Xenon hexafluoroplatinate(V) Xe+[PtF6]. Proc. Chem. Soc. Lond. 
1962, 6, 197–236. 
(2).Claassen, H. H.; Selig, H.; Malm, J. G., Xenon Tetrafluoride. J. Am. Chem. Soc. 
1962, 84, 3593. 
(3).Chernick, C. L.; Claassen, H. H.; Fields, P. R.; Hyman, H. H.; Malm, J. G.; 
Manning, W. M.; Matheson, M. S.; Quarterman, L. A.; Schreiner, F.; Selig, H. H., 
Fluorine Compounds of Xenon and Radon. Science 1962, 138, 136-138. 
(4).Claassen, H. H.; Chernick, C. L.; Malm, J. G., Vibrational Spectra and Structure 
of Xenon Tetrafluoride. J. Am. Chem. Soc. 1963, Vol: 85, 1927-1928. 
(5).Malm, J. G.; Sheft, I.; Chernick, C. L., Xenon Hexafluoride. J. Am. Chem. Soc. 
1963, 85. 
(6).Weaver, E. E.; Weinstock, B.; Knop, C. P., Xenon Hexafluoride. J. Am. Chem. 
Soc. 1963, 85, 111-112. 
(7).Agron, P. A.; Begun, G. M.; Levy, H. A.; Mason, A. A.; Jones, C. G.; Smith, D. F., 
Xenon Difluoride and the Nature of the Xenon-Fluorine Bond. Science 1963, 139, 
842. 
(8).Slivnik, J.; Brcic, B.; Volavsek, B.; Marsel, J.; Vrscaj, V.; Smalc, A.; Frlec, B.; 
Zemljic, Z., Synthesis of XeF6. Croat. Chem. Acta 1962, 34, 253. 
(9).Smith, D., Xenon trioxide. J. Am. Chem. Soc. 1963, 85, 816-817. 
(10).Templeton, D. H.; Zalkin, A.; Forrester, J. D.; Williamson, S. M., Crystal and 
Molecular Structure of Xenon Trioxide. J. Am. Chem. Soc. 1963, 85, 817. 
(11).Selig, H.; Claassen, H. H.; Chernick, C. L.; Malm, J. G.; Huston, J. L., Xenon 
tetroxide: preparation and some properties. Science 1964, 143, 1322-1323. 
(12).Huston, J. L.; Studier, M. H.; Sloth, E. N., Xenon tetroxide: mass spectrum. 
Science 1964, 143. 
(13).Li, Y.; Feng, X.; Liu, H.; Hao, J.; Sat, R.; Lei, W.; Liu, D.; Ma, Y., Route to 
high-energy density polymeric nitrogen t-N via He-N compounds. Nat. Commun. 
2018, 9, 722. 
(14).Liu, H.; Yao, Y.; Klug, D. D., Stable structures of He and H2O at high pressure. 
Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 91, 014102. 
(15).Loubeyre, P.; Letoullec, R.; Pinceaux, J.-P., Compression of Ar(H2)2 up to 175 
GPa: A new path for the dissociation of molecular hydrogen? Phys. Rev. Lett. 1994, 
72, 1360-1363. 
(16).Weck, G.; Dewaele, A.; Loubeyre, P., Oxygen/noble gas binary phase diagrams 
at 296 K and high pressures. Phys. Rev. B: Condens. Matter Mater. Phys. 2010, 82, 
014112. 
(17).Kleppe, A. K.; Amboage, M.; Jephcoat, A. P., New high-pressure van der Waals 
compound Kr(H2)4 discovered in the krypton-hydrogen binary system. Sci. Rep. 2014, 
4, 4989. 
(18).Somayazulu, M.; Dera, P.; Smith, J.; Hemley, R. J., Structure and stability of 
solid Xe(H2)n. J. Chem. Phys. 2015, 142, 104503. 
(19).Howie, R. T.; Turnbull, R.; Binns, J.; Frost, M.; Dalladaysimpson, P.; 
Gregoryanz, E., Formation of xenon-nitrogen compounds at high pressure. Sci. Rep. 
2016, 6, 34896. 
(20).Somayazulu, M. S.; Finger, L. W.; Hemley, R. J.; Mao, H. K., High-Pressure 
Compounds in Methane-Hydrogen Mixtures. Science 1996, 271, 1400-1402. 
(21).Sanloup, C.; Bonev, S. A.; Hochlaf, M.; Maynardcasely, H. E., Reactivity of 
xenon with ice at planetary conditions. Phys. Rev. Lett. 2013, 110, 265501. 
(22).Zhu, Q.; Jung, D. Y.; Oganov, A. R.; Glass, C. W.; Gatti, C.; Lyakhov, A. O., 
Stability of xenon oxides at high pressures. Nat. Chem. 2013, 5, 61-65. 
(23).Hermann, A.; Schwerdtfeger, P., Xenon Suboxides Stable under Pressure. J. 
Phys. Chem. Lett. 2014, 5, 4336-4342. 
(24).Feng, P.; Botana, J.; Wang, Y.; Ma, Y.; Miao, M. S., Unexpected Trend in 
Stability of Xe–F Compounds Under Pressure Driven by Xe–Xe Covalent Bonds. J. 
Phys. Chem. Lett. 2016, 7, 4562-4567. 
(25).Miao, M. S.; Wang, X. L.; Brgoch, J.; Spera, F.; Jackson, M. G.; Kresse, G.; Lin, 
H. Q., Anionic chemistry of noble gases: formation of Mg-NG (NG = Xe, Kr, Ar) 
compounds under pressure. J. Am. Chem. Soc. 2015, 137, 14122-14128. 
(26).Li, X.; Hermann, A.; Feng, P.; Jian, L.; Wang, Y.; Hui, W.; Ma, Y., Stable 
Lithium Argon compounds under high pressure. Sci. Rep. 2015, 5, 16675. 
(27).Zhang, S.; Bi, H.; Wei, S.; Wang, J.; Li, Q.; Ma, Y., Crystal Structures and 
Electronic Properties of Cesium Xenides at High Pressures. J. Phys. Chem. C 2015, 
119, 24996–25002. 
(28).Zhu, L.; Liu, H.; Pickard, C. J.; Zou, G.; Ma, Y., Reactions of xenon with iron 
and nickel are predicted in the Earth's inner core. Nat. Chem. 2014, 6, 644. 
(29).Stavrou, E.; Yao, Y.; Goncharov, A. F.; Lobanov, S. S.; Zaug, J. M.; Liu, H.; 
Greenberg, E.; Prakapenka, V. B., Synthesis of Xenon and Iron-Nickel Intermetallic 
Compounds at Earth's Core Thermodynamic Conditions. Phys. Rev. Lett. 2018, 120, 
096001. 
(30).Dong, X.; Oganov, A. R.; Goncharov, A. F.; Stavrou, E.; Lobanov, S.; Saleh, G.; 
Qian, G. R.; Zhu, Q.; Gatti, C.; Deringer, V. L., A stable compound of helium and 
sodium at high pressure. Nat. Chem. 2017, 9, 440. 
(31).Liu, Z.; Botana, J.; Hermann, A.; Valdez, S.; Zurek, E.; Yan, D.; Lin, H. Q.; 
Miao, M. S., Reactivity of He with ionic compounds under high pressure. Nat. 
Commun. 2018, 9, 951. 
(32).Wang, Y.; Lv, J.; Li, Z.; Ma, Y., CALYPSO: A method for crystal structure 
prediction. Comput. Phys. Commun. 2012, 183, 2063-2070. 
(33).Lv, J.; Wang, Y.; Zhu, L.; Ma, Y., Particle-swarm structure prediction on clusters. 
J. Chem. Phys. 2012, 137, 084104. 
(34).Wang, Y.; Lv, J.; Zhu, L.; Ma, Y., Crystal Structure Prediction via Particle 
Swarm Optimization. Phys. Rev. B: Condens. Matter Mater. Phys. 2010, 82, 094116. 
(35).Duan, D.; Huang, X.; Tian, F.; Li, D.; Hongyu; Yu; Liu, Y.; Ma, Y.; Liu, B.; Cui, 
T., Pressure-induced decomposition of solid hydrogen sulfide. Phys. Rev. B: Condens. 
Matter Mater. Phys. 2015, 91, 180502. 
(36).Duan, D.; Liu, Y.; Tian, F.; Li, D.; Huang, X.; Zhao, Z.; Yu, H.; Liu, B.; Tian, 
W.; Cui, T., Pressure-induced metallization of dense (H₂S)₂H₂ with high-Tc 
superconductivity. Sci. Rep. 2014, 4, 6968. 
(37).Liu, H.; Naumov, I. I.; Hoffmann, R.; Ashcroft, N. W.; Hemley, R. J., Potential 
high-Tc superconducting lanthanum and yttrium hydrides at high pressure. Proc. Natl. 
Acad. Sci. U. S. A. 2017, 114, 6990. 
(38).Yang, G.; Wang, Y.; Peng, F.; Bergara, A.; Ma, Y., Gold as a 6p-element in 
Dense Lithium Aurides. J. Am. Chem. Soc. 2016, 138, 4046. 
(39).Peng, F.; Wang, Y.; Wang, H.; Zhang, Y.; Ma, Y., Stable Xenon Nitride at High 
Pressures. Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 92, 094104. 
(40).Blöchl, P. E., Projector augmented-wave method. Phys. Rev. B: Condens. Matter 
Mater. Phys. 1995, 50, 17953-17979. 
(41).Kresse, G.; Furthmüller, J., Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set. Phys. Rev. B: Condens. Matter Mater. Phys. 
1996, 54, 11169-11186. 
(42).Kresse, G.; Joubert, D., From ultrasoft pseudopotentials to the projector 
augmented-wave method. Phys. Rev. B: Condens. Matter Mater. Phys. 1999, 59, 
1758-1775. 
(43).Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R.; 
Singh, D. J.; Fiolhais, C., Atoms, molecules, solids, and surfaces: Applications of the 
generalized gradient approximation for exchange and correlation. Phys. Rev. B: 
Condens. Matter Mater. Phys. 1992, 46, 6671-6687. 
(44).Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized Gradient Approximation 
Made Simple. Phys. Rev. Lett. 1996, 77, 3865. 
(45).Monkhorst, H. J., Special points for Brillouin-zone integrations. Phys. Rev. B: 
Condens. Matter Mater. Phys. 1976, 13, 5188. 
(46).Giannozzi, P., Quantum ESPRESSO: a modular and open-source software 
project for quantum simulations of materials. J. Phys.: Condens. Matter 2009, 21, 
395502. 
(47).Vanderbilt, D., Soft self-consistent pseudopotentials in a generalized eigenvalue 
formalism. Phys. Rev. B: Condens. Matter Mater. Phys. 1990, 41, 7892. 
(48).Wittlinger, J.; Fischer, R.; Werner, S.; Schneider, J.; Schulz, H., High-Pressure 
Study of h.c.p. -Argon. Acta Crystallogr. 1997, 53, 745–749. 
(49).Samudrala, G. K.; Tsoi, G. M.; Vohra, Y. K., Structural phase transitions in 
yttrium under ultrahigh pressures. J. Phys.: Condens. Matter 2012, 24, 362201. 
(50).Ishikawa, T.; Oda, T.; Suzuki, N.; Shimizu, K., Review on distorted face-
centered cubic phase in yttrium via genetic algorithm. HIGH PRESSURE RES 2015, 
35, 37-41. 
(51).Duthie, J. C.; Pettifor, D. G., Correlation between d-Band Occupancy and Crystal 
Structure in the Rare Earths. Phys. Rev. Lett. 1977, 38, 564-567. 
(52).Dong, X.; Oganov, A. R.; Qian, G.; Zhou, X. F.; Zhu, Q.; Wang, H. T., How do 
chemical properties of the atoms change under pressure. arXiv 2015, 86, 6335-6335. 
(53).Connerade, J. P.; Dolmatov, V. K.; Lakshmi, P. A., The filling of shells in 
compressed atoms. Journal of Physics B Atomic Molecular & Optical Physics 2000, 
33, 251. 
(54).Liu, Z.; Botana, J.; Miao, M.; Yan, D., Unexpected Xe anions in XeLin 
intermetallic compounds. Europhys. Lett. 2017, 117, 26002. 
(55).Miao, M. S.; Hoffmann, R., High pressure electrides: a predictive chemical and 
physical theory. Acc. Chem. Res. 2014, 47, 1311-7. 
(56).Söderlind, P.; Eriksson, O.; Johansson, B.; Wills, J. M.; Boring, A. M., A unified 
picture of the crystal structures of metals. Nature 1995, 374, 524-525. 
(57).Allen, P. B.; Dynes, R. C., Transition temperature of strong-coupled 
superconductors reanalyzed. Phys. Rev. B: Condens. Matter Mater. Phys. 1975, 12, 
905-922. 
(58).Morel, P.; Anderson, P. W., Calculation of the Superconducting State Parameters 
with Retarded Electron-Phonon Interaction. Phys. Rev. 1962, 125, 1263. 
 
